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INTRODUCTION
Nowadays, railway has become a convenient means of transportation by supplying faster, cheaper, more frequent and more reliable connections. However, a railway system has to undergo the regular inspection, otherwise catastrophic failures could happen. For instance, the fatal derailment happened at Hatfield on the East Coast Main Line in 2000 [1, 2] . As the result of the accident investigation, rolling contact fatigue (RCF) was the main cause and with increased traffic density and higher axle loads it became a much more widespread and severe problem than previously realized. It has been suggested that RCF is the dominant reason for rail grinding in Europe [3] . Typically, the development of RCF in the railhead consists of 3 stages: crack initiation (light stage), crack propagation under a constant angle (moderate stage) and crack propagation with vertical or horizontal branching (heavy stage) [4] , as shown in Fig. 1(a) . Therefore the ability to detect RCF cracks at its early propagation stages, e.g. as shown in Fig. 1(b) , is a priority. Non-destructive testing (NDT) techniques for detecting defects in rails have been investigated over the last century. Up to now, more than 10 NDT techniques, e.g. ultrasonic, magnetic flux leakage (MFL), pulsed eddy current (PEC), visual inspection, radiography, alternating current field measurement (ACFM), electromagnetic acoustic transducer (EMAT) inspection, acoustic emission (AE), acoustic emission pulsing (AEP) and active thermography, have been widely utilized to detect RCF cracks [5] . However, there are still many challenges and problems to be solved. The performance of existing conventional ultrasonic probes in detecting shallow surface RCF defects (depth < 4 mm) has the limit of the high speed inspection. In addition, as inspection speed increases, the performance of MFL sensors tends to deteriorate rapidly because of the reduction in the magnetic flux density [6, 7] . The PEC probe is highly sensitive to lift-off variations. Visual inspection cannot provide any information for subsurface defects and is limited at slow inspection speeds (3-4 km/h) [5] . ACFM is not fit for the detection of subsurface rail defects or multiple cracks [8] . EMAT sensors cannot detect any defects less than 2 mm deep [9] . Thus, driven by the requirement of quantitatively characterizing RCF defects (angle, opening, depth and length) with high reliability, an integrated technique combining the advantages of two or more traditional NDT methods is gaining more attention in railway industry.
(a) RCF crack propagation stages in the railhead [4] . The red curves show crack propagation paths and two dash lines separate 3 different stages. Active thermography [10] [11] [12] [13] [14] , as one of the competitive candidates, uses an external stimulus as a heating source to generate relevant thermal contrast. The presence of defects from the abnormal thermal contrast is then analyzed, since these will influence the flow of the heat through the test specimen. As one of the common active thermography, eddy current pulsed thermography (ECPT) becomes a fast and high resolution method for defect detection and characterization over a relatively large area compared to other active thermography methods, e.g. vibrothermography or laser thermography. Defects such as RCF cracks within the range of skin depth disturb the eddy current density distribution, where higher levels of Joule heating are accumulated in the regions of increased current density and thus influence the temperature distribution. Thus, the defect can be detected from thermal images [12] . Relying on this specific principle, ECPT has been found to detect the smallest cracks, i.e. sensitivity, with higher reliability and reproducibility compared to vibrothermography and laser thermography [15] . In addition to these, the superior performance of ECPT, e.g. robust to lift-off variations and e ective for defect orientation and depth estimation, makes it suitable for fast quantitative evaluation [16] .
Until now, it is difficult to inspect and characterize the RCF defects due to their complex geometry, e.g. clustered and multiple cracks. Typically, RCF cracks can be simplified and simulated as angular cracks. One of the primitive studies on angular cracks was using PEC inspection to detect and characterize the angle information of cracks [17] . However, other crack parameters such as depth, length and opening were not fully investigated. In 2010, Abidin et al. further achieved multi-parameter extraction by using ECPT [18] . They extracted thermal gradients and the maximum thermal amplitudes to quantify the angle and depth of the defects. Yet, the thermal features were only extracted beneath the induction coil to avoid the influence of the non-uniform magnetic field. To overcome this problem, Peng et al. used Helmholtz-coil based ECPT system to generate a uniform magnetic field and characterized RCF defects based on the entire defect thermal images [19] . In additional to the ECPT, Schlichting et al. utilized the laser thermography for the quantitative characterization of depth and angle of surface angular cracks [14] . However, the above defect characterization or quantification were studied at specific video frame with best contrast. The information of the whole video was not fully mined. In fact, not all the features of the defect can be extracted from only one thermal image. For instance, the transient heat propagation has the major influence on quantifying the depth and angle of angular cracks. It is difficult to identify the heat propagation state by only one specific video frame. Consequently, the comprehensive mining of the thermal video can achieve better defect quantification.
Based on making the most use of thermal video information, this paper proposed a new feature for angular defect quantification. Firstly, first-order differential of the transient thermal response was obtained. Then a new feature derived from the first-order differential result was used to quantify the length of the angular slot. R-squared value and 2-norm of the residual were used to evaluate and compare the fitted relationship between the extracted feature and the length of the angular slot. Through comparison, the two features' merits and limitations are derived. The rest of this paper is organized as follows: Section II introduces the theory of ECPT and the Rsquared as well as 2-norm of the linear fitting, and proposes the study diagram; Section III discusses the experimental study and different feature extractions and comparison; and Section IV presents the conclusion and proposes future work.
II. THEORETICAL BACKGROUND AND STUDY DIAGRAM

A. Induction heating theory of ECPT
The heat transfer equation in 3D Cartesian coordinates with a heat source q generated by induction heating is [20] 
where, ρ , p C , λ are the density, specific heat capacity, and thermal conductivity, respectively; and ( , , , ) q x y z t is the heat power per unit volume as a result of the Joule heating. During the heating pulse, its value can be considered as a constant:
where, κ , s J , E are the electrical conductivity, electric current density, and electric field vector, respectively.
During the ECPT inspection, both Joule heating and heat diffusion exist. In addition to the heating effect of different induction coils and the excitation parameters (heating pulse duration, currents value and frequency), the morphologies of an angular defect can also affect the thermal difference on both sides of slot and lead to a change in the heat transfer pattern. Therefore, if the spatial and transient thermal profile can be obtained, it can be further used to detect and characterize the defects.
B. Linear regression analysis
As mentioned in Introduction section, this paper aims to propose a new feature and find its relationship with the length of angular defect. This relationship can be used for length quantification. The linear regression was used to achieve the fitted relationship based on all the feature points. R-squared and 2-norm of the residual were used to evaluate the goodness of the regression line. Specifically, the paper first mapped the value of residuals into the range of (-1, 1) to normalize the influence of different heating pulses. Then 2-norm of these normalized residuals was used as one of the criteria to evaluate linear fitting. The residual vs. fitted plot were used to show unwanted residual patterns that indicate biased fitting.
C. The proposed study diagram
Diagram of this study is shown in Fig. 2 . It was initiated by selecting excitation parameters and the type of coil to build an ECPT configuration. Then, thermal video was preprocessed by choosing the region of interest (ROI) and enhancing the contrast in ROI using the background subtraction and moving average filtering. Further, 3 thermal features, e.g. max thermal response, first-order different imaging and its ratio mapping, were extracted. Finally, the R-squared and 2-norm of the residual were compared to evaluate the performance of the 3 extracted features. 
III. EXPERIMENTAL STUDIES
The above diagram was applied to experimental studies. The linear coil was used to build an ECPT configuration. A metal block with 7 artificial angular cracks was used as the specimen. Detailed case studies were given by the following section.
A. ECPT configurations
The ECPT configuration used in experimental studies is shown in Fig. 3 . It mainly consists of 5 units, i.e. a heating module, an induction coil, a signal generator, an infrared (IR) camera and a PC. In this work, the heating module was Easyheat 224 from Cheltenham Induction Heating with the working frequency of 260 kHz and RMS current of 300 A; the linear coil was used; the signal generator was used for synchronously triggering the heating module and IR camera; the type of IR camera was the FLIR SC655sc equipped with an uncooled microbolometer, which has the spectral range of 7.5 -14.0 µm and NETD < 30 mK. Here, the maximum frame rate of 200 Hz and the resolution of 640 × 120 pixels were chosen for high-performance requirement. The IR images/videos were recorded by PC for 1000 ms during the experiments. 
B. Specimen
As mentioned in Section 1, in order to simplify and simulate RCF cracks, a steel block with three artificial angular cracks (by electric discharge machining) of the same angle but different lengths of propagation into the block was fabricated, as shown in Fig. 4 . Specifically, the size of specimen was 300 × 63 × 63 mm 3 and the 7 angular slots had the constant opening of 0.3 mm and an angle of 45 degree (the most common angle of RCF cracks) but varied lengths of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 mm, respectively. Before conducting the experimental, the top face of the specimen was coated with matt black paint to increase the emissivity. The specimen was placed with the 7mm lift-off under the linear-coil, as shown in Fig. 5 . This is the original thermal image with background subtraction.
C. Feature extraction and comparison
For each angular slot, the maximum thermal rise of a pixel was obtained as the initial signal response (feature). For instance, Fig. 5 shows maximum thermal pixel when the Slot A1 was tested. This feature was extracted at pixel level. The strength of this feature is its high repeatability (see Fig. 7 ). However, the relationship between this feature and the slot length is nonlinear, which is not a suitable relationship for quantification. Therefore, in the following section, more features, first-order differential imaging and its ratio mapping, are extracted at area level to find a more linear relationship with the slot length. Note that for simplicity all the features were firstly extracted under only one typical heating pulse [21, 22] , i.e. 100 ms heating pulse.
1) first-order differential imaging
Tab. I shows first-order differential images of Slot A1-A7 at the specific time (35 ms). The specific time was based on the maximum first-order differential of the previous selected pixel. The solid red line shows the surface-length direction of the slot. The second row shows spatial values of the imaging result along 5 neighbor lines (presented by different colors). Each line has 121 pixels which include the thermal response on both sides of the slot and their averages are shown by the bold black curve. Additionally, for further comparison, in each figure the shaded area under this curve was calculated as shown in Tab. III.
2) Ratio mapping based on first-order differential result
Tab. I shows the early heating response (35 ms is about one third of the 100ms heating pulse). However, these images were based on the specific time when first-order differential result reached to the maximum value and this time apparently varied with different heating pulses. Further, the ratio mapping of first-order differential result was used to automatically compress the video information of the ROI into one image. Tab. II shows the ratio mapping results of Slot A1-A7. The ratio equation used here is: By comparing the first row of Tab. II, the brighter region not only shows the inclination side of the angular slot but also distinguishes the difference of slot length. The second row shows the spatial value of ratio mapping along 5 neighbor lines and the average values. In each figure the shaded area under the average value was calculated as shown in Tab. III.
3) Results comparison
Tab. III gives the value of shaded area shown in second row of Tabs. I and II. Based on data from Tab. III, Fig. 6 shows the relationship between the value of shaded area and the length of the slot. It can be seen that all the relationships are monotonic. Additionally, at first sight these relationships have the good linearity, which benefits the quantification of slot length. In the next section, same features extracted under more heating pulses were used to verify this conclusion. 
4) Linear fitting and evaluation
From the above comparison, it is concluded that both features extracted from the first-order differential imaging and its ratio mapping have a linear relationship with the slot length. In this section, 8 different heating pulses were used to verify and generalize this conclusion. Specifically, the minimum heating pulse was 10 ms which is the minimum value the excitation module can achieve and the maximum heating pulse was 200 ms commonly used in previous work [19] . The standard deviation was used to test repeatability of each feature. The R-squared and 2-norm of the normalized residual were used to evaluate and compare the fitted linear relationship.
a) Linear fitting of maximum thermal rise Fig. 7 shows the result of maximum thermal rise vs. the slot length. It can be seen that most of the standard deviation of repeated test results are below 0.1 degC, which indicates high repeatability of this feature. Moreover, the slope value of fitted line increases with the heating pulse, i.e. the longer heating pulse is higher the sensitivity is. Additionally, although under different heating pulses all the results present that the maximum thermal rise monotonically increases with slot length. The reason for this is that on one hand the longer the heating pulse, the more the Joule heat is generated and on the other hand the longer the slot, the more heat is trapped at the slanted area, both of which lead to a higher temperature rise at the slanted side than the other side. With this monotonic relationship, it can be further used to quantify the slot length under a specific heating pulse. However, from the sub-figure of the residuals vs. fitted linear plot, it can be seen that patterns are not random. These patterns indicate the bad linear fit. In the following section, two features have more linear relationships were compared.
b) Linear fitting of first-order differential result Fig. 8 shows the value of shaded area from first-order differential result vs. the slot length. The slope value (sensitivity) of fitted line increases with the heating pulse and when the heating pulse is longer than 50 ms this value becomes stable around 13. Although the repeatability of this feature was not as good as the maximum thermal rise, it had better linear relationship with the slot length. This merit is shown by the smaller value of the 2-norm of residual and the random pattern of the residuals. Specifically, under the 20 ms heating pulse this feature and slot length had the most linear relationship with the 98.5% R-squared and 3.55 of 2-norm of the normalized residual, respectively. 
c) Linear fitting of ratio mapping based on first-order differential result
Similarly, Fig. 9 shows the value of shaded area from ratio mapping vs. the slot length. The slope value (sensitivity) of fitted line increases with the heating pulse and when the heating pulse is longer than 80 ms this value becomes stable around 3.5. Compared with maximum thermal rise, this feature also had a larger standard deviation of repeated test and the worst case occurred under the 10ms heating pulse, as shown in Fig. 9(a) . This larger deviation limited the linear fitting (the R-squared value is only 84.6%). However, the standard deviation gradually decreased with the heating pulse increasing. Additionally, when the heating pulse was larger than 50 ms, this feature also had a well-fitted linear relationship with the slot length, as verified by the lager Rsquared value and the random patterns of the residuals. Specifically, under the 100 ms heating pulse this feature and slot length had the most linear relationship with 95.3% Rsquared, 3.62 slopee value (sensitivity), and 3.15 of 2-norm of the normalized residual, respectively.
D. Discussion
Based on the above results and comparison, it can be seen that the maximum thermal rise, the first-order differential result and the ratio mapping have their strengths and limitations. The maximum thermal rise has the advantage of high repeatability but the monotonic relationship to slot length is nonlinear, which is not the best feature to quantify the slot length. Although the features extracted from first-order differential result and the ratio mapping have a low repeatability but both features show well-fitted linear relationships to slot length. Additionally, comparing both of them, the feature from the first-order differential result has a better linear relationship and higher sensitivity (benefiting the feature extraction of high speed inspection) but this feature need to be obtained at specific time. One the other hand, the feature from the ratio mapping has the advantage of automatically compressing the video information into one image although its linear relationship is not as good as the first-order differential result.
IV. CONCLUSION
In this paper, a new feature for angular defect quantification was proposed and then compared with other features by Rsquared value and 2-norm of the residual. Through comparison, the maximum thermal rise has the advantage of high repeatability but the monotonic relationship to slot length is nonlinear. First-order differential result and the ratio mapping have a low repeatability but both features show good linear relationships to slot length. The main advantage of the feature from the ratio mapping is that it can automatically compress the video information into one image.
Future work will focus on adapting the proposed new feature to achieve quantitative characterization of natural RCF defects in real railheads including influences of defect angles and openings. Furthermore, the interaction of multiple RCF defects in railheads will also be studied.
